We attempt to identify a phenomenologically viable solution to the strong CP problem in which the axion is composed entirely out of Standard Model fermion species. The axion consists predominantly of the η ′ meson with a minuscule admixture of a pseudoscalar bilinear composite of neutrinos, ην. The Peccei-Quinn symmetry is an axial symmetry that acts on the up quark and the neutrino species and is spontaneously broken by the QCD condensate of quarks as well as the condensate of neutrinos triggered by chiral gravitational anomaly. The up-quark mass is spontaneously generated by the neutrino condensate which plays the role of an additional composite Higgs doublet with the compositeness scale of the order of the neutrino masses. Such a scenario is highly economical: it solves the strong CP problem, generates the up-quark and neutrino masses from fermion condensates and simultaneously protects the axion shift symmetry against gravitational anomaly. The phenomenology is different from the standard hidden axion case. One of the experimental signatures is the existence of a gravity-competing isotope-dependent attractive force among nucleons at (sub)micron distances.
I. INTRODUCTION
The celebrated Peccei-Quinn (PQ) solution to the strong CP problem [1] relies on the existence of a spontaneously broken chiral U (1) PQ symmetry that is anomalous under the QCD gauge group. In such a case, the QCD ϑ-term
(where G is the gluon field strength,G is its dual, and irrelevant numerical coefficients are dropped as throughout the whole paper) becomes unphysical as it gets relaxed to zero by the pseudo-Goldstone boson of the U (1) PQ symmetry, the axion a PQ [2] . The relaxation happens, because the U (1) PQ symmetry, which acts on the axion as a shift symmetry,
is explicitly broken by the QCD anomaly. Within the Standard Model (SM), the simplest realization of such an anomalous chiral symmetry could have been achieved if one of the quark flavors, say the up quark, had no Yukawa coupling to the Higgs doublet.
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In such a case, the anomalous chiral symmetry would have been an axial U (1) Au symmetry acting on the up quark, u → e iαγ5 u , (3) * Lena.Funcke@physik.uni-muenchen.de 1 One may argue that setting the Yukawa coupling constant of the up quark to zero creates another naturalness problem. This is a spurious argument, since setting a number protected by a symmetry to zero is not more unnatural than choosing it to be ∼ 10 −5 , putting aside that the gain of solving the strong CP problem is enormous.
where we combined the left-handed (u L ) and the righthanded (u R ) components of the up quark into a single Dirac fermion u. The corresponding current
exhibits the anomalous Adler-Bell-Jackiw divergence with respect to QCD [3] ,
Consequently, the vacuum ϑ-angle can be removed by performing the chiral transformation (3) and becomes unphysical. Although sometimes this scenario is presented as being different from the PQ case, in reality it represents a particular version of the PQ solution [4] : the chiral symmetry is spontaneously broken by the QCD upquark condensate and the role of the axion is played by the η ′ meson. This degree of freedom describes the fluctuations of the phase of the quark condensate ū L u R ≡ V 3 e iη ′ /V , where V 3 is the vacuum expectation value (VEV) of its absolute value, which is set by the QCD scale, | ū L u R | = V 3 ∼ Λ tion to the strong CP problem as it breaks the chiral PQ symmetry (3) explicitly. By taking this standard road, one needs to implement the axion in form of a hypothetical degree of freedom from beyond the SM. This requires an introduction of a singlet scalar field with a very large VEV plus either a hypothetical heavy quark [8] or an additional Higgs doublet [9] (for a review see, e.g., [10] ).
We shall not take this road. Instead, in the present paper we shall ask whether the needed contribution to the up-quark mass can be provided by a neutrino condensate in such a way that it could break the chiral PQ symmetry (3) spontaneously. The existence of such a neutrino condensate -as we shall explain -follows from a very general assumption about the topological structure of the vacuum due to gravitational chiral anomaly.
In order to better capture its novel aspects, it is useful to confront the present scenario with the original Weinberg-Wilczek axion case [2] . For the existence of chiral PQ symmetry, it is a necessary condition that different quarks get their masses from different Higgs doublets. In the original axion scenario, this is accomplished by coupling the up and down quarks to two distinct Higgs doublets H and H ′ ,
where
is the doublet of left-handed quarks. This decoupling of some quarks from a particular Higgs doublet is justified by the chiral PQ symmetry, H → e iα H,
. In this scenario, the axion comes predominantly from the phase of the neutral Higgs with a smaller VEV, but since the VEV is around the weak scale, such an axion is ruled out experimentally.
In our model, it remains true that the different quarks are getting masses from different Higgs doublets, but the additional doublet is provided by the SM itself: it is a neutrino condensate. The SM fermion composition of the emerging PQ axion is the reason why we will call this axion a domestic axion.
The simplest prototype effective Lagrangian describing the Domestic Axion idea is
where L ≡ (ν L , e R ) is the lepton doublet and the scale Λ G and the invariant function f are provided by gravity and will be discussed below. Thus, the additional doublet H ′ of the original PQ model is replaced by an effective doublet composed out of the lepton doublet and the right-handed neutrino, H ′ → (ν R L). In this minimal realization, the PQ symmetry is the chiral symmetry acting both on quarks as well as on neutrinos, (ν R L) → e iα (ν R L), and is spontaneously broken by both condensates.
The crucial ingredient here is the condensate of the composite doublet L ν R = ν L ν R = 0, imposed by the gravitational chiral anomaly. The role of this condensate is to spontaneously generate the mass of the up quark, but the contribution from its phase, called the η ν boson, to the axion is negligible. Instead, the axion is coming almost entirely from the η ′ meson of QCD, because the breaking of chiral PQ symmetry is predominantly accomplished by the QCD condensate of quarks, which is much larger than the gravitationally induced neutrino condensate.
The roles of the pseudo-Goldstone bosons are split in the following way: the η ′ meson is getting its mass from the QCD anomaly and becomes an axion, whereas the η ν boson is getting its mass from the gravitational anomaly and "sacrifices" itself for protecting the shift symmetry of the η ′ meson against the gravitational anomaly via the mechanism of [4, 11] . The crucial point that makes our neutrino-composite doublet compatible with experimental bounds is that it is very "fat": its extremely low compositeness scale makes it to contribute only into very soft processes and to efficiently decouple from the hard high-energy processes.
Such a Dometic Axion scenario has the following obvious advantages:
(1) It provides the axion without any need of postulating the existence of new hypothetical species.
(2) The axion is automatically immune to the gravitational anomaly and its shift symmetry (2) is broken exclusively by the QCD effects [4, 11] .
(3) The neutrino condensate that breaks PQ symmetry is also the source of the neutrino masses, via the mechanism of [12] .
Thus, the present scenario connects the solution to the strong CP problem to the origin of the neutrino masses, without the need for new species, and simultaneously protects the axion solution against gravity.
II. NEUTRINO PROTECTION AGAINST GRAVITATIONAL ANOMALY
Before presenting the complete model, let us briefly elaborate on each of the above topics and review the previous results that we shall use.
First, let us discuss the gravitational threat. In order for the axion to relax the ϑ-term to zero, the axion shift symmetry (2) must be broken exclusively by the QCD effects via the anomaly. However, there is an old believe that quantum gravity effects can generate an additional breaking of the axion shift symmetry (2) and therefore ruin the axion solution to the strong CP problem (see, e.g., [13] ).
The necessary and sufficient conditions for the possibility of such an explicit breaking were identified in [4] , where -by reformulating the axion solution in the language of a three-form Higgs effect -the breaking of the axion shift symmetry by gravity was linked to the gravitational chiral anomaly and to the gravitational topological susceptibility of the vacuum.
2 Namely, the condition is that -in a theory without an axion -the gravitational topological vacuum susceptibility in the limit of vanishing momentum q is nonzero,
where R is the Riemann tensor andR is its dual. Note that this condition is equivalent to the statement that the gravitational analog of the ϑ-term,
is physical. The existence of a nonvanishing topological vacuum susceptibility in pure gravity is currently an open question. If it is zero, then the gravitational anomaly poses no danger to the axionic shift symmetry [4] . But, if it is nonzero, one has to face the consequences. What we want to show is that in such a case the gravitational danger comes with a built-in protection mechanism, which does not only eliminate itself, but as a bonus identifies the viable axion candidate within the SM in form of the η ′ meson.
Thus, we shall assume that the above condition -i.e., in the absence of an anomalous current, gravity gives rise to (8) -is fulfilled and consequently the threat to the axion solution to the strong CP problem from gravity is real. This introduces a new gravitational scale in the problem, Λ G , which sets the scale of the correlator (8) . At the level of our discussion, Λ G is a free parameter, solely constrained by phenomenological requirements. One thing that we can expect about this scale is that it must be strongly suppressed with respect to the Planck scale. This is normal for the infrared (IR) scales generated by nonperturbative effects, such as instantons or virtual black holes. However, in this paper we shall not commit to any particular microscopic origin of the correlator (8) , which can easily be intrinsically quantum gravitational rather than semi-classical. Another natural assumption is that the effective low-energy interactions generated by this IR physics must become irrelevant in short-distance processes at energies E ≫ Λ G , i.e., their contribution must sharply diminish for Λ G /E ≪ 1. In such a scenario, as explained in [4] , in the absence of an axion (or a massless fermion), there exist two physically observable theta parameters, one from QCD (1) and one from gravity (9) . Consequently, after the axion is introduced, it can only cancel a single combination of the two ϑ-terms, whereas the other combination remains physically observable. Hence, the strong CP problem is not solved.
In this situation, as a possible protection mechanism, it was suggested in [4] to take into account some fermions (e.g., neutrinos) with zero bare mass. In such a case, there always exists a chiral symmetry, which is anomalous with respect to gravity. For example, for a single Dirac neutrino flavor, we have an axial U (1) Aν symmetry,
with the corresponding axial current
Due to chiral gravitational anomaly [15] , the current has an anomalous divergence,
and -just like in QCD with a massless quark -the gravitational ϑ-term (9) can be eliminated by an axial transformation of the neutrino (10) . As a result, the gravitational topological susceptibility (8) vanishes and gravity generates a mass gap in the neutrino sector, so that the axion potential is not affected. This mechanism was implemented in details as the axion protection mechanism against gravity in [11] . One of the predictions of this scenario is the existence of a pseudo-Goldstone boson, η ν , which corresponds to the neutrino axial current (11) . The η ν boson represents a collective excitation of the neutrino condensate phase and plays the role closely analogous to the η ′ meson of QCD, which gets its mass from the QCD anomaly (5) .
The next step was undertaken in [12] , where it was suggested to identify the neutrino condensate -triggered by gravitational anomaly -as the unique source of all the neutrino masses. This fixes the scale of the condensate in the ∼ 0.1 eV range.
In all the above studies, it was assumed that the axion that solves the strong CP problem is coming from some unspecified beyond the SM sector. In the present paper, we would like to suggest a much more economical possibility: we would like to propose the scenario in which the neutrino condensate also generates the mass of the up quark spontaneously.
In such a scenario, the attractive feature is that the role of the PQ symmetry is played by a combination of the axial symmetries (3) and (10) acting on the up quark and on the neutrinos, respectively. This symmetry is free of gravitational anomaly and is anomalous solely with respect to QCD. It is spontaneously broken by the QCD up-quark condensate as well as by the condensate of the neutrinos. Since the quark condensate is dominant, the corresponding axion mostly consists of the QCD η ′ meson with a small admixture of η ν . The orthogonal combination, which consist mostly of η ν with a small admixture of η ′ , gets its mass from the gravitational anomaly.
III. THE MODEL
A. Anomalous U (1)G and U (1)PQ symmetries
Let us now describe our model in more details. The key postulate is that the masses of some quarks are generated by their couplings to the neutrino condensate as opposed to the Yukawa couplings to the SM Higgs. The neutrino condensate acts as an additional composite Higgs doublet, and this allows the Lagrangian to be invariant under a chiral PQ symmetry that is anomalous with respect to QCD. For solving the strong CP problem in this way, it is unimportant which quarks are getting their masses from the neutrino condensate, but it would be natural to employ the light quarks.
We shall start with a minimal scheme in which only the up quark and a single neutrino flavor are involved. We thus set to zero the Yukawa coupling constants of the Higgs doublet to the up quark and to one of the three neutrino flavors. We shall assume that the masses of all the other fermions are generated in a standard way through their Yukawa couplings to the Higgs VEV and we shall exclude them from our considerations. These additional fermions can be easily integrated back in without affecting the essence of the Domestic Axion scenario, and we will discuss this possibility later.
The decoupling of the up quark and the neutrino from the Higgs doublet creates new global symmetries. At the perturbative level, gravity treats all the fermion species democratically; thus, it effectively sees the three colors of the left-and right-handed up-quark pairs and one leftand right-handed neutrino pair forming a representation of the U (4) L × U (4) R flavor symmetry group. 4 Before taking into account the quantum anomalies, the QCD and electromagnetic gauge interactions break this symmetry explicitly down to the following subgroup:
where SU (3) color is a color group and U (1) V u and U (1) V ν are the vector-like quark (baryon) and neutrino (lepton) number symmetries, respectively. Since we have ignored other fermion species, the electromagnetic symmetry U (1) EM acts essentially as the gauged version of the up-quark number symmetry U (1) V u . The asymmetry between the left-and right-handed fermion species in the SM is only created by the weak gauge interaction. Since we are interested in very low energy phenomena, we shall ignore the effects that break the left-right symmetry.
Finally, U (1) Au and U (1) Aν are the quark and neutrino axial symmetries given by (3) and (10), respectively. The following combination of these symmetries,
is anomalous with respect to gravity, and we shall denote it by U (1) G . The corresponding current
exhibits the anomalous divergence (12)
Note that the anomalous U (1) G symmetry contains an anomaly-free Z 8 subgroup corresponding to the discrete values of the phase parameter α = π 4 n with n being an arbitrary integer.
Another important symmetry is the orthogonal combination of U (1) Au and U (1) Aν ,
which we shall denote by U (1) PQ . This symmetry is free of gravitational anomaly, but it is anomalous with respect to QCD, and the corresponding current
exhibits the anomalous divergence (5)
Thus, this symmetry is the right candidate for the PQ symmetry. Note, although both symmetries (14) and (17) include a U (1) Au component and therefore are anomalous with respect to QCD, we identify (17) as the PQ symmetry since it is the one that is anomaly-free with respect to gravity.
B. Generation of up quark mass
Let us now discuss the effective interaction that is induced by the gravitational anomaly and is responsible for generating the mass gaps for the Goldstone bosons as well as for the fermions. Since we use the anomaly-free symmetries as the guideline, we shall consider interactions that are invariant with respect to (13) .
The pattern of chiral symmetry breaking is determined by minimization of an effective potential for the quark and the neutrino order parameters,
This effective potential consists of the ordinary QCD part and the part generated by gravity. The QCD part consists of the effective potential that induces the quark condensate and breaks the axial U (1) Au symmetry (3) spontaneously as well as the 't Hooft-type interactions that break this symmetry explicitly and contribute into the mass for the η ′ meson. Likewise, the effective potential induced by gravity can be split into the part that breaks U (1) G symmetry spontaneously and the one that breaks it explicitly.
The parts that are responsible for spontaneous breaking are given by some unknown polynomial consisting of (generically infinite series of) phase-independent invariants, such as, X + u X u and X + ν X ν . Its explicit form is unimportant for our purposes. It suffices to know that the minimum of this effective potential is achieved for a nonvanishing VEV of the neutrino condensate, X ν = v 3 e i ην /v , where v is the characteristic scale of the condensate and η ν is the VEV of its phase. The scale v is a priori unknown, and we must treat it as a free parameter. We do not expect it to be very far from the scale Λ G that sets the scale of the correlator (8), although it can be parametrically different. So we shall assume v ∼ Λ G .
Gravity is expected to also trigger a condensate for X u of similar order of magnitude, but this is just a tiny correction to the condensate of X u triggered by QCD,
, where V is of order the QCD scale. If the considered effective potential consisted solely of the spontaneous-breaking part, the phase degrees of freedom, η ν and η ′ , would be exactly massless Goldstone bosons. However, from the anomaly and topology we know that the mass gaps in both of these Goldstones must be generated. In particular, QCD generates a mass gap in η ′ . At the level of the effective potential, this can be modeled by a 't Hooft-type vertex, which for a single quark case is just a linear term in X u multiplied by an arbitrary function of the phase-independent invariant X + u X u .
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Likewise, gravity generates the mass gap for a particular superposition of Goldstones corresponding to the U (1) G symmetry. Correspondingly, the effective Lagrangian generated by gravity on top of the standard 5 Note that we do not commit here to the assumption that the main source of the η ′ mass in QCD are instantons. As it is well known [6] , for a large number of colors the Witten-Veneziano mechanism is expected to give the dominant contribution. For us, the 't Hooft like structure -regardless of its underlying origin -is a useful parameterization of the symmetry properties of the effective vertex that explicitly breaks the anomalous U (1) Au chiral symmetry to an anomaly-free discrete subgroup and generates the pseudo-Goldstone mass. In case of a single quark flavor, the anomaly-free symmetry is Z 2 and this uniquely fixes the structure of the vertex in form of a linear term in Xu times an arbitrary function of phase-independent invariants.
QCD effects must contain additional interaction terms among X u and X ν , which break the anomalous U (1) G symmetry explicitly and generate the pseudo-Goldstone masses. The same interaction shall contribute into the spontaneous generation of the masses of the up quark and the neutrino. Let us show how this happens. In order to be concrete, we model the gravity-induced interaction by the following vertex:
where Λ G is the IR scale of gravity.
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The function f (X
is some unknown dimensionless function of the phase-independent quark and neutrino invariants, X + u X u and X + ν X ν , scaled by the parameter Λ G (for more discussion about f see App. B). For the phenomenological consistency of our scenario, we need to impose the following constraint on this function:
with ξ ∼ 10 7 . This means, the VEV of the derivatives of the function f with respect to X u must be much larger than the other expectation values, i.e., the function f must be steep (or highly curved) in X u direction. As we shall see in a moment, this condition replaces the fine tuning of the up-quark Yukawa coupling constant in the standard scenario. In the standard case, the tuning of the Yukawa coupling constant sets the hierarchy between the up-quark mass and the Higgs VEV, whereas in our case, ξ sets the hierarchy between the up-quark and the neutrino masses. As it will become clear later, the same condition also guarantees that the Goldstone bosons are not entering the strong coupling regime.
Since the neutrino condensate contributes into the spontaneous breaking of the U (1) PQ symmetry, it provides an additional non-QCD contribution to the up-
which explicitly breaks (14) but respects (17), after dressing it by QCD effects, which alone would break U (1) Au but not U (1) Aν . The combined effects of generated terms do not leave any unbroken continuous chiral symmetry.
We need to stress again that we are bringing the analogy with the 't Hooft vertex exclusively because of the Z 8 -symmetry structure of the vertex. We are not assuming that the gravitational vertex is necessarily generated from semi-classical physics, such as gravitational instantons. Rather, its origin can be deeply quantum gravitational.
quark mass through the vertex (20) . An effective upquark mass term is obtained by replacing all fermion bilinears by their VEVs while keeping the two quark legs free. We get
where we took into account the condition (22) . The resulting up-quark mass thus is
By the same estimate, the contribution to the neutrino masses from the above vertex is
Notice, despite the fact that the QCD-induced up-quark condensate is large, when inserted into the gravitational vertex it must be effectively cut-off around the scale v, since this is the scale of the softness of the effective vertex (20) . Thus, we have effectively represented all the condensates by the scale v ∼ Λ G . Then, the hierarchy between the neutrino and the up-quark masses is controlled by the parameter ξ. For a phenomenologically acceptable value of the up-quark mass we need to choose ξ ∼ 10 7 for an up-quark mass of m u ∼ MeV and neutrino masses of about m ν ∼ 0.1 eV.
Although the above choice of the parameter ξ may seem somewhat unnatural, it is much milder than the fine tuning of parameters required for achieving a more modest goal in the standard hidden axion models. In these models, first, one anyway needs to fine-tune the Yukawa coupling constant of the up quark to the value ∼ 10 −5 , and second, given the phenomenological lower bound on the PQ scale, ∼ 10 9 GeV [16] , one has to finetune the mass-square term of the Higgs boson relative to the PQ scale by a factor of ∼ 10 −14 . This putting aside that these standard scenarios have nothing to say either about the protection of the axion solution against gravity or about the origin of the neutrino masses. So, in this light and given the goals we aim to achieve, the relatively large choice of ξ may not be such a big price to pay after all.
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C. Emergence of domestic axion and graviaxion
The vertex (20) in combination with the standard QCD contribution explicitly breaks all continuous chiral symmetries. Correspondingly, both would-be Goldstone bosons, η ′ and η ν , become massive pseudo-Goldstones. In order to evaluate their masses, we shall replace the absolute values of the fermion bilinears by their VEVs and express their phases though the corresponding pseudo-Goldstone modes. We thus write ū
, where V and v are the scales of the two condensates introduced above.
As already mentioned, the neutrino condensate forms due to nonperturbative gravitational effects, whereas the up-quark condensate is dominantly triggered by QCD effects with a negligible gravitational contribution. Thus, the scale V is given by the QCD scale, V = Λ QCD . Nevertheless, when inserted into the vertex (20) , we have to set the VEV of the absolute value also for X u to be of order v 3 . The reason is the same UV softness of the vertex (20) as explained earlier. When we terminate the external legs of the vertex into the VEVs, we should keep in mind that the contribution freezes out above a certain critical value of the VEV. This value corresponds to the momentum above which the vertex (20) is resolved and "melts". We assumed this scale to be given by v ∼ Λ G . Hence, when we plug the quark condensate into the vertex, we must effectively replace it with ū L u R = v 3 e iη ′ /V . Notice, the decay constant of the η ′ is still given by V , because this is just an information about the canonical normalization of the pseudo-Goldstone mode.
Plugging the above expressions for the fermion bilinears into (20) , we obtain
Expanding the cosine yields an effective mass term,
for one combination of the Goldstone modes,
with the mass
Here we have taken into account the smallness of the parameter ε ≡ v/V . Since the function f only depends on real invariants, it does not break any of the U (1) symmetries and contributes to the Goldstone potential only in form of an overall factor. From (27) it is clear that the mode a G is the pseudoGoldstone boson that gets its mass from the gravitational anomaly and screens the gravitational ϑ-term. It consists mostly of the neutrino-composite pseudoscalar η ν with a small (∼ ǫ) admixture from the η ′ meson of QCD. In the absence of the QCD anomaly, the above mode would
However, this is not the case. The U (1) PQ symmetry is anomalous with respect to QCD and the Goldstone bosons are also getting a mass from this anomaly. Note that it is only the η ′ component that couples to QCD and contributes into the QCD chiral anomaly. This component is getting a mass through the QCD mechanism and solves the strong CP problem.
8
As a result, the mass matrix takes the form (see App.
A for an alternative derivation)
As we can see, the mixing angle between η ′ and η ν is absolutely minuscule (∼ ǫ m
. Correspondingly, up to the mixing of order ǫ 3 , they are the true mass eigenstates,
with the masses equal to m η ′ and m G , respectively. The boson a PQ represents a perfect domestic PQ axion, but with one advantage: unlike ordinary PQ symmetries, in our case the U (1) PQ symmetry, which shifts the axion (2), is free of gravitational anomaly and hence is protected against gravitational destabilization [4, 11] . This is also demonstrated in App. A in the language of a gauge three-form [4] .
The a G boson, which is mostly composed of η ν and gets its mass from the gravitational anomaly, will be referred to hereafter as a graviaxion. For f ∼ 1, the mass (29) of the graviaxion is of the same order as the neutrino mass and is given by the scale Λ G . Notice, since the function f is independent of phases, it only contributes into the Goldstone masses as an overall factor. Therefore, in order to create a hierarchy between the neutrino and the up-quark masses -without simultaneously pushing m G above the scale v -we need to take a large ξ while keeping the VEV of f to be of order one.
IV. PHENOMENOLOGY
A. Axion is η ′ Since in our model the axion a PQ is predominantly η ′ , its phenomenological implications are essentially the same as the ones of the usual η ′ meson, with the only difference of a tiny admixture of the η ν boson. Correspondingly, the phenomenology of the axion will essentially be similar to the phenomenology of the standard η ′ . Most importantly, this implies that axion search experiments will not find any axion particle, but the axion was already discovered in 1964 [17] . All experiments designated for the discovery of hidden axions [18] can only discover axion-like particles (ALPs) but not the axion itself. In our case, such an ALP is the graviaxion.
B. Phenomenology of graviaxion
Our other predicted pseudo-Goldstone boson, the graviaxion a G , predominantly consists of η ν and gets its mass from the gravitational anomaly. In this way, this boson protects the QCD η ′ -axion from gravity. The phenomenology of η ν and of the entire modified neutrino sector from the previous paper [12] will essentially carry over to the present model, and we shall not repeat it here. Most of the new phenomena will manifest themselves in various very soft processes of extremely low momentum exchange.
One additional new low-energy process not mentioned in [12] is the graviaxion-to-photon conversion. Since the direct contribution from η ′ into the graviaxion is very strongly suppressed, the dominant communication of the graviaxion to the photon is through the virtual charged particles (quarks and leptons) to which the graviaxion couples through the soft gravitational vertex. If we assume a maximally generic form of such a vertex, the least suppression factor we get can be estimated to be (v/m e ) 3 , where m e is the electron mass. For v ∼ 0.1 eV, this imitates the coupling strength of a standard hidden axion with a decay constant of order 10 10 GeV. This may be interesting for future experimental searches in Shining Light Through Walls type experiments, which are currently at a sensitivity of ∼ 10 7 GeV for small ALP masses and will reach a sensitivity of ∼ 10 11 GeV, however only for very light ALPs with masses of ∼ 10 −4 eV [19] . Notice that the above estimate for the strength of the effective coupling is only valid for very low energy photongraviaxion processes. In high-energy processes, for example, in the graviaxion production in stars, the coupling is expected to be much stronger suppressed because of a very low compositeness scale of the η ν boson and the high-energy softening of the gravitational vertex. Due to this, we should not expect the standard axion-type correlation between the predictions for Shining Light Through Walls and solar axion experiments (see, e.g., [20] ).
C. Short-distance gravity measurements
The connection between the scale of the neutrino Compton wavelength and the experimental frontier of gravitational force measurements was already established in the past [21] . In the considered scenario, the physics that set the neutrino mass simultaneously modified Newton's law due to extra dimensions [22] .
The neutrino mass mechanism of [12] , which generates the neutrino masses of the order of the scale of nonperturbative gravity Λ G , offers another way of realizing a connection between the neutrino mass and the current experimental frontier of short-distance tests of gravity [23] . Now it is natural to ask whether we can predict any observable corrections to Newtonian gravity at distances shorter than Λ −1 G . In general, it would be hard to make a concrete prediction due to the lack of knowledge of a direct relation between the correlator (8) and the modification of the graviton propagator. However, in the Domestic Axion scenario presented above, one very concrete prediction emerges that is directly tied to the generation of the up-quark mass by the neutrino condensate.
Indeed, we predict a new force mediated by the Higgslike excitation(s) of the neutrino condensate, which describe(s) small fluctuations of its absolute value. For illustrating this point, it is enough to consider one of such modes, which we shall denote by σ ν . Then, the expansion of the neutrino condensate around its VEV can be written asν
Due to the UV-softening of the gravitational vertex (20) , the coupling of σ ν to a constituent up quark inside the proton is suppressed by powers of the ratio (v/m P ), where m P is the proton mass. However, at the same time it is enhanced by the same parameter ξ that is responsible for the generation of the relatively large up-quark mass. Hence, the effective coupling to a proton, up to an unknown coefficient of order one, is expected to be given by ξ(v/m P ) β , where β is a positive number which parameterizes the softening of the gravitational vertex in high-energy processes.
At distances r around or larger than the Compton wavelength of the σ ν boson, its exchange will result into a gravity-like potential between two protons of the order
, where m σν is the mass of the σ ν boson. Since ξ v ∼ m u and v ∼ m ν , we can rewrite the new force in terms of the quark and neutrino masses as
Putting this into the conventional expression for gravitycompeting forces,
we obtain for two protons, m 1 = m 2 = m P , the parameters α ∼ 10 128−58β and λ = m For m σν ∼ v ∼ 0.1 eV, the existing experimental measurements [24] put the bound β 2.1. The interesting message we would like to take from here is that one place to look for the effects of the σ ν boson is in searches for a new force at micron and submicron distances, which can exceed the strength of Newtonian gravity by many orders of magnitude. The force is highly sensitive to the parameter β, which we cannot predict, but for values β ≃ 2 such a force can be just within the reach of the planned improved measurements [25] . The modification of Newton's law must appear as a threshold effect, which should diminish both above and below the scale r ∼ m σν it is expected to diminish as a power-law, e.g., for β = 2,
due to the decoupling of IR physics from short-distance effects. Also note that, since the σ ν boson has a dominant coupling to the up quark, the resulting force will depend on the number of up quarks in the source and thus is predicted to be isotope-dependent. Namely, the coupling to a proton is by a factor of two stronger than the coupling to a neutron.
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D. Majorana versus Dirac?
One may ask whether our model predicts the Dirac nature of neutrinos. Unfortunately, we cannot make such a definite prediction, since the scenario can work also for a Majorana neutrino. Indeed, even if only one active left-handed neutrino is introduced, ν L , there still exists a chiral symmetry anomalous under gravity, which acts on ν L and thus leads to neutrino condensation. Since ν L is a part of a lepton doublet, L ≡ (ν L , e L ), the neutrino condensate ν L Cν L transforms as a triplet under the weak SU (2) symmetry. Nevertheless, an effective doublet can be composed by convoluting it with a doublet quark condensate, and the up-quark mass can still be generated through the following operator:
9 Notice, the case β = 2, which corresponds to a simplest minimal suppression that one can obtain based on very general scaling arguments, is compatible with the current bounds and can lead to observable effects for a slightly higher mass of σν . 10 Note that the force will continue to be isotope-dependent even in a nonminimal scenario in which also the down-quark mass is generated from the neutrino condensate, since the relative strength of the coupling to up and down quarks will be set by the ratio of the quark masses. Thus, in this case the coupling to the down quark will be stronger and correspondingly the coupling to a neutron will be stronger than to a proton.
where j, m = 1, 2 are the indexes of the weak SU (2) gauge symmetry and Q ≡ (u L , d L ) is the quark doublet.
E. Flavor physics
In the present analysis, we did not include other charged fermions, but they can be easily incorporated by adding additional fermion legs to the effective vertex (20) . Such a vertex will generate an additional contribution to the masses of all the fermions once the gravity-induced fermion condensates are taken into account. Without taking extra care, the resulting corrections to the masses will naturally be of the order of the neutrino masses.
A phenomenologically interesting possibility from the point of view of flavor physics opens up in case when the new mass contributions are not diagonal in the eigenbasis of the SM Higgs Yukawa couplings. In such a case, the new flavor-changing processes emerge from the IR neutrino sector.
Remarkably, even if the IR flavor violation at the scale of the neutrino masses is order one, such a possibility can nevertheless be fully viable phenomenologically and potentially testable. This may come as a surprise, since generating masses from sources other than a single Higgs condensate is normally associated with severe problems, such as flavor-changing neutral currents. In our case, the role of the second Higgs doublet with a tiny VEV is played by the neutrino condensate. The reason why this condensate a priori is not causing the usual problems, such as the flavor-changing neutral currents mediated by the exchange of the σ ν boson, is because its compositeness scale is extremely low: even if the σ ν boson has large (i.e., order one) flavor-nondiagonal couplings, it decouples very efficiently from the high-energy processes. Correspondingly, the contribution of the neutrino composites into the high-energy flavor-changing processes, such as e.g., K 0 −K 0 transitions or µ → e + γ decays, is small, but can be potentially interesting for future measurements, as examined in more detail in App. C.
The above also raises the question whether we can generate the masses of other light charged fermions entirely via the mechanism considered here, as an alternative of generating their masses from the coupling to the Higgs doublet. However, since all the effective masses generated through the neutrino condensate are not present in the early Universe before CMB formation [12] , our effective mass generation mechanism can only account for the entire masses of neutrinos, up and down quarks, while all other fermions need to have additional mass sources.
F. Topological defects
It is well known that a phase transition with PQ symmetry breaking can form axionic cosmic strings. These strings later become boundaries of domain walls [26] and decay producing axions. In our case, everything happens at the same scale: the generation of the quark condensate and the generation of the η ′ mass take place around QCD temperatures. So the axionic cosmic strings are produced in form of small loops spanned by membranes (domain walls) and decay very quickly. The second phase transition around the neutrino mass scale also forms cosmic strings bounded by walls. This time, the stringwall system is composed out of the graviaxion η ν , but since η ν can in principle be substantially lighter than the VEV of the neutrino condensate, these strings can be parametrically longer-lived before they decay into η ν -s and neutrinos. Just like in the case of standard axionic strings, this could be a way of populating the Universe by a large number of η ν particles. The precise η ν density and thus its contribution to the dark matter abundance in our Universe strongly depends on the free parameters of our model, such as the exact value of the scale Λ G .
V. CONCLUSIONS
It is a standard lore that new physical effects can hide and decouple if the energy scale of their origin is very high. In particular, the standard hidden axion is decoupled because of an extremely high scale of PQ symmetry breaking. Apart from the new naturalness problem in form of the hierarchy between the PQ and the weak scales, this leaves us with the questions why a whole new high-energy sector should be designed solely with the purpose of nullifying a particular parameter of the SM?
In the present note, we have proposed an alternative hiding place for axion physics within the SM in form of a deep-infrared scale, without the need of postulating any new particle species. This IR scale is related to the neutrino masses. Our axion consists of the η ′ meson with a minuscule admixture of the neutrino composite η ν . The latter is a pseudo-Goldstone of the neutrino condensate triggered by nonperturbative gravity and gets its mass from the gravitational anomaly.
The neutrino condensate does several jobs. On the one hand, it generates the mass for the up quark spontaneously. This is the key that in our scenario allows the η ′ meson to act as an axion and cancel the ϑ-term. On the other hand, the Goldstone boson η ν originating from the neutrino condensate protects the shift symmetry of the η ′ -axion from being broken by the gravitational anomaly [11] . At the same time, the neutrino condensate is a natural source for generating the neutrino masses via the scenario proposed in [12] .
However, the latter possibility is not tied to the Domestic Axion scenario presented here, for which it is enough that only a single neutrino flavor gets its mass from the gravitational anomaly, whereas the other flavor masses can be generated in conventional ways. In such a case, the field content of the model is reduced to [11] , in which the bare mass of a single neutrino is set to zero. In this situation, the Domestic Axion scenario would be fully re-alized, but the possibility of explaining the masses of all the neutrinos from the gravitational mechanism would not be used.
Conversely, the neutrino condensation and the neutrino mass generation model presented in [12] can be used without the need of much fine-tuning in the neutrino sector, even if one is not willing to address the strong CP problem. The introduction of the parameter ξ ∼ 10 7 is only needed if we want to spontaneously generate the up-quark mass by the neutrino condensate and thus solve the strong CP problem by the Domestic Axion scenario described in the present paper. As explained in the text, this is not increasing the number of required tunings: we trade the tuning of the Yukawa coupling constant for the tuning of ξ, but with a big bonus of solving the strong CP problem.
In this light, it is natural as well as beneficiary to unify the two scenarios that nicely complete each other and connect the solution to the strong CP problem and the origin of the neutrino masses to a single gravitational source.
From the broader perspective, what we have observed is that a very low scale compositeness can mask new physical effects not less (and in some cases even more) efficiently than the phenomenon of high-energy decoupling. This is a very general message that we believe should be payed more attention to when looking for new physical effects.
As shown in [4] , the higher-order polynomial terms in E and E G can easily be taken into account and they only affect the form of the resulting pseudo-Goldstone potentials for large field values, but cannot affect the mass gap.
The terms with higher derivatives vanish for constant field values (i.e., in the zero momentum limit) and cannot affect the form of the scalar potentials. Hence, they are irrelevant (see [4] for details). We do not explicitly display the numerical coefficients that absorb irrelevant combinatoric factors, especially in the light of the strong hierarchy between the scales, V ≫ v. The equations of motion for C and
and the ones for η ′ and η ν read
Integrating (A2) we get
where ϑ and ϑ G appear as two arbitrary integration constants. Notice, in the absence of the η ν boson, there would be no way to compensate both ϑ-terms by a shift of η ′ alone. This is a simple manifestation of how gravity ruins the solution to the strong CP problem by "destructing" the axion (in the present version η ′ ) from its job of compensating the ϑ-angle of QCD.
However, as we can easily see, the problem is solved by η ν . Namely, both integration constants ϑ and ϑ G can be eliminated by the appropriate shifts of η ′ and η ν :
Moreover, the vacuum of the theory is at
where E = E G = 0 and both topological susceptibilities vanish. The physical meaning of this is that both three-forms C and C G become massive by eating up the corresponding pseudo-Goldstone bosons, η ′ and η ν . After eliminating the two integration constants, we can plug the expressions (A4) for E and E G into (A3) and get the following effective mass terms:
Ignoring terms of order ǫ 4 , the corresponding mass terms in the Lagrangian are
As one can deduce from the mass matrix
(where we again omitted an irrelevant combinatoric factor), the mixing between the two states is absolutely minuscule (∼ ǫ 3 ). Therefore, the eigenvalues of the mass matrix are approximately given by
and the corresponding eigenstates (up to ∼ ǫ 3 mixing) are η ′ and η ν ,
with masses m Let us first ignore all the SM gauge and Higgs interactions and consider gravity coupled to a certain number N F of fermion flavors, ψ i and ψ cī with i,ī = 1, 2, ... , N F , where we wrote all the fermions in the left-handed basis and the subscript c stands for anti-fermion. For example, in the massless limit of the SM with three right-handed neutrinos included, we have N F = 24.
From the anomaly and topological arguments [11, 14] discussed in the text, we know that the fermions must condense and spontaneously break the anomalous chiral symmetry
However, we do not have any definite information about the flavor structure of the condensate. This structure must be determined dynamically by minimization of the effective potential for the following order parameters:
where C is the matrix of charge conjugation. Notice, although the fermions ψ i , ψ ci can be embedded as a fundamental representation of the U (2N F ) group, the Lorentzinvariant bilinear order parameters form the representations of the U (N F ) L × U (N F ) R group acting on indexes i andī, respectively:X ij is bifundamental, whereas X ij andXīj transform as symmetric tensors under U (N F ) L and U (N F ) R , respectively. We can classify various terms in the effective potential according to their transformation properties with respect to the U (N F ) L × U (N F ) R flavor group. Namely, we split all possible terms in two categories: the terms that are flavor invariants and the terms that break one part or an entire flavor group explicitly.
There is a finite number of independent invariants, which have the form of various traces, such as, Tr(X +X ), Tr(X +XX +X ), ... , Tr(X + X), Tr(X +X ), Tr(XX +XX ), ... . The effective potential can in general represent an infinite polynomial of such invariants scaled by powers of Λ G .
In order to characterize the terms that break the flavor group explicitly, we need some guideline. As such, we are going to use the anomaly. It is reasonable to expect that pure gravitational effects only explicitly break the anomalous chiral symmetry U (1) G , and leave invariant the anomaly-free subgroup Z 2NF as well as the discrete symmetry under the exchange of fermions and antifermions. An operator with such transformation properties is
which is analogous to the 't Hooft vertex in QCD. Of course this operator will in general be multiplied by an arbitrary function f of the phase-independent invariants. Again, we must stress that we are not making any assumption about the possible origin of the above vertex from gravitational instantons. The analogy with the instanton-induced 't Hooft vertex in QCD is purely from the point of view of its symmetry properties: if the gravitational anomaly generates a mass gap for the η ν pseudoGoldstone, the effective potential of the order parameters must contain terms that break the U (1) G symmetry explicitly down to Z 2NF . This uniquely fixes the structure of the minimal vertex (B3), irrespective of its underlying origin, which can be fully quantum rather than semiclassical.
After including all possible terms, we get an effective potential invariant under SU (N F ) × SU (N F ) × U (1) V × Z 2NF symmetry. The form of the condensate that spontaneously breaks this symmetry group is determined by minimization of the potential. It is well accepted that the analogous potential in case of QCD breaks the flavor group down to a diagonal subgroup U (N F ) V . However, a priori there is no reason that gravity should follow the same pattern of symmetry breaking. In fact (as also discussed in [12] ), it is easy to see that already an effective potential that includes up to quartic order invariants in the order parametersX, X, andX allows for a very rich variety of patters of flavor symmetry breaking. The possibility of spontaneous breaking of the flavor group is very important due to resulting new flavor-violating phenomena. This will be analyzed in more details in the next appendix.
Let us now switch on the SM gauge and Higgs interactions. These break the flavor group explicitly down to a much smaller subgroup. In particular, after "dressing" the effective gravitational vertex (B3) by effects of QCD and electroweak interactions, we can integrate out all the heavy species of masses ≫ Λ G and obtain an effective vertex for the species that are getting masses from the gravitational effects, i.e., the up quark and the neutrinos. This resulting effective vertex has the form (20) and is enough for reducing our solution to the strong CP problem to its bare essentials. However, for precision phenomenology, taking into account other species is important as discussed in the following appendix. In order to understand the essence of flavor violation, it is enough to consider only one such doublet, ≡ (L α ν β R ). Notice that the effective doublet is not necessarily diagonal in family space.
The neutral component of this composite doublet is the neutrino bilinear, which develops a VEV. Expanding around its VEV, we can writeν L ν R = (v + σ ν )e iην /v , where σ ν describes excitations of the absolute value and plays the role analogous to the neutral Higgs particle, h 0 . If the couplings of h 0 and σ ν to quarks of the same charge are not diagonal in the mass-eigenstate basis, there will be flavor-changing neutral currents mediated due to their exchange.
In order to trace the origin of flavor violation more explicitly, let us first consider a minimal coupling needed for accomplishing our axion mechanism and see that it is not leading to flavor violation. In this minimal scheme, it is enough to consider the case in which only one neutrino transforms under the U (1) PQ symmetry, for instance, the ν τ neutrino.
Consider a gravity-generated coupling,
is the first-generation left-handed quark doublet. For the purpose of the discussion of flavor conservation, the function f of the invariants introduced in (20) is not important and we drop it for simplicity. The anomalous PQ symmetry in this case can be identified as the chiral symmetry acting on u R and ν R species only,
This symmetry is incompatible with the Yukawa couplings of u R and ν R to the Higgs doublet H. Correspondingly, unlike the rest of the fermions, the up quark and the ν τ neutrino are not getting any mass from the VEV of the Higgs. In such a case, the couplings of both the neutral Higgs h 0 as well as of the σ ν are diagonal in the mass-eigenstate basis and no flavor-violating neutral currents appear. Notice, the last term in (C1) can contribute into the decay of the τ lepton into a pion and a neutrino, but since the vertex is strongly suppressed at high energies, the rate is expected to be negligible. For instance, already for a suppression by a factor of v 2 /m 2 τ , the rate is way beyond current experimental sensitivity. This suppression of an effective vertex in high-energy processes is the main reason for making this new IR physics compatible with present experimental bounds.
Let us now turn to a generic nonminimal case, in which all three generations can be involved in the PQ symmetry breaking as well as in the efffective gravitational vertex.
Before illustrating in details, let us summarize the story. As mentioned above, the flavor-violating neutral currents will appear if the Yukawa coupling matrixes of the σ ν -s and the h 0 are not diagonal in the fermion mass eigenbasis. In such a case, it is useful to split the potential flavor-violating contributions into the ones mediated by the SM neutral Higgs h 0 and the ones mediated by the σ ν bosons. These are both suppressed, but because of different reasons:
The Higgs-mediated flavor violation is typically suppressed by a factor of δm 2 αβ /|m α − m β | 2 , where m α are the fermion mass eigenvalues coming from the Higgs Yukawa couplings and δm αβ is the off-diagonal mass generated by the neutrino condensate. The flavor violation mediated by σ ν is universally suppressed due to the suppression of the effective gravitational vertex in highenergy processes. We assume here that this suppression goes as powers of v 2 /E 2 , although it could in principle be stronger.
All the above can only take place if gravity violates flavor, that is, if gravity generates off-diagonal effective couplings for the σ ν -s in the basis in which Higgs Yukawa couplings are diagonal. A priori we have no way of predicting this. However, we can make some useful parameterization of our ignorance.
The generation of off-diagonal couplings by gravity can be explicit or spontaneous. Since the fermion flavor group is not anomalous with respect to gravity, the explicit breaking must come from some other quantum gravity effects, which we can only parameterize.
Spontaneous breaking is simpler to visualize. For spontaneous generation it is necessary that the condensates of charged leptons and quarks are off-diagonal in the basis in which the Higgs Yukawa couplings are diagonal. This depends on the minimization of the effective potential for these order parameters, and it is easy to come up with prototype potentials that would result into disoriented condensates in flavor space.
Let us estimate the flavor violation in an example of the down-quark sector. The effective Yukawa coupling matrixes are
where α, β = 1, 2, 3 are flavor indexes and V h ∼ 100 GeV is the Higgs VEV. Let us work in the basis in which the SM Higgs Yukawa coupling matrix g αβ is diagonal. Then, if the down-quark condensate can have off-diagonal values in this basis, g σ αβ will develop off-diagonal elements. The standard QCD condensate of quarks is diagonal in the mass-eigenstate basis, so the off-diagonal contribution must come from gravity. We do not know how strong such a contribution is, so we can parameterize it as unknown.
Let us consider the 1 − 2 transition via the condensate d1
We shall assume that the condensate as well as the Yukawa matrixes are L − R symmetric. The resulting off-diagonal Yukawa coupling of σ ν is g Let us compute the first one. This will be controlled by the effective off-diagonal coupling to the quarks that h 0 will acquire after we re-diagonalize the small offdiagonal mass term, δm 12 , induced by the neutrino condensate. The new mixing angle is suppressed by the ratio of the this off-diagonal mass to the diagonal mass difference, δm 12 /(m s − m d ) ≃ δm 12 /m s , so that we obtain g sd ∼ (m s /V h )( d L s R /(m s v 2 )). Thus, the (sd) 2 -operator induced by the Higgs exchange has the form
where m h is the Higgs mass. Even if we assume that the off-diagonal condensate is of the same order as the diagonal one, the condensate must be suppressed by the masses of the quarks relative to the scale v. For example, even if we assume
the operator (C4) is hugely suppressed. The similar operator generated by the exchange of a σ ν boson will have the form
Since m σ ∼ v, this operator looks pretty strong, but of course we have to remember that this is an effective interaction valid only at energies below the neutrino mass scale v. So the contribution into high-energy processes, such as K 0 −K 0 transitions, is additionally suppressed by the ratio of the scales v 2 /m 2 K , which gives another factor of order 10 −20 . Overall, we are down to an effective scale of (sd) 2 /(10 16 GeV 2 ), which although suppressed is stronger than the previous one and can be of some phenomenological interest.
Analogously, we can estimate the processes with lepton-flavor violation. Consider a leptonic fragment of the gravitational vertex that involves charged leptons of the first two generations and neutrinos of the third generation (with all other fermion pairs being replaced by their masses and VEVs),
We assume this is written in the basis in which the Higgs Yukawa couplings to the charged leptons are diagonal. If in this basis the condensate μ L e R is nonzero, this results into the following strength of the off-diagonal couplings of the Higgs boson and σ ν with charged leptons:
The first coupling at one loop can result into µ → e + γ decay, whereas the second one into a direct decay of a muon into an electron and a neutrino-antineutrino pair. Again, we have to take into account the additional suppression by a factor of v 2 /m 2 µ , due to the decoupling of IR physics in high-energy processes. This decoupling is the key of putting even a maximal IR flavor violation into a potentially phenomenologically interesting domain.
